Cysteine sulfinic acid was purified using ion-exchange chromatography. The OvoA enzymatic reaction mixture was loaded onto the resin (H + form) and washed with H 2 O. The first several H 2 O washing fractions were collected and lyophilized to provide the cysteine sulfinic acid.
and cysteine sulfinic acid (8) were analyzed by 1 H-NMR. For OvoA L-hercynine reaction, the reaction mixture was the same as listed above except that 5.0 μM OvoA enzyme was used.
For the 13 C-NMR assay, the reaction mixture was the same as listed above except that 1.5 mM [-13 C]-labeled Lcysteine was used to replace regular cysteine. For the correlation analysis between the oxygen consumption and the oxidative coupling product formation rates, the oxygen consumption assay was conducted as described above and quenched by 30 μl of 50% TFA at certain time points. The oxygen consumption stopped after quenching, which indicates that the OvoA enzyme was indeed inactivated by TFA. The reaction mixture was centrifuged to remove protein precipitation. Then the supernatant was neutralized by NH 4 HCO 3 and lyophilized. A volume of 500μl of D 2 O was added into the lyophilized pellet and the formation of the oxidative coupling product was quantified based on the characteristic chemical shifts of substrate and product imidazole ring hydrogen atoms in 1 H-NMR. The oxygen consumption and oxidative coupling product formation rates were then plotted on the same graph ( Figure 1 ).
Purification of oxidative coupling product was reported previously. 1 (w/v %) and the mixture was gently shaken on ice for 30 min. The white DNA precipitate was then separated by centrifugation at 20,000 g for 30 min. The resulting supernatant was mixed with the Strep-Tactin resin (10 mL) and incubated on ice for 30 min. After the supernatant was drained by gravity, the column was washed with washing buffer (100 mM Tris-HCl, 150 mM NaCl, pH 7.5) until the OD 260 was less than 0.05. The recombinant protein was eluted with the elution buffer (2.5 mM desthiobiotin in 50 mM Tris-HCl buffer, pH 7.5). After the protein was concentrated anaerobically by ultrafiltration in the coy chamber, it was frozen by liquid nitrogen and stored at -80 C. If necessary, the protein was reconstituted with Fe 2+ anaerobically before it was eluted from the resin.
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Thiolether stability.
Due to the concern that thioether 13 instead of the sulfoxide 4 is the oxidative coupling product, we have synthesized the proposed thioether 13 according to a literature procedure [2] . If thioether 13 is indeed the OvoA-catalysis product, it is a 2-electron oxidation process and H 2 O 2 will most likely be the product. However, no H 2 O 2 was detected from the reaction. To test whether the lack of H 2 O 2 production is due to the fact that H 2 O 2 is used to oxidize thioether 13 to sulfoxide 4, we examined the reactivity of thioether (13) with either O 2 or H 2 O 2 as the oxidant. 1 H-NMR assay was used ( Figure 1S ). The signal at 6.91 ppm was the imidazole H-atom of thioether 13 and the signals at 7.13 ppm was the imidazole H-atom of sulfoxide 4 ( Figure 1S-B ). No sulfoxide 4 was observed when thioether 13 (1 mM) was incubated with 1 equiv. H 2 O 2 at 30 C for 1h ( Figure 1S -C). Even in the presence of Fe (II) or OvoA (5 µM), no sulfoxide 4 was formed from thioether 13 ( Figure 16SD and 16SE) . These results suggest that sulfoxide 4 instead of thioether 13 is the oxidative coupling product. Scheme 1S. Synthesis scheme of thiolether coupling product 13. Figure 1S . Thioether stability.
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3. OvoA reactions in the presence of catalase.
To provide further evidence supporting sulfoxide 4 instead of thioether 13 as the OvoA product, we repeated the OvoA reaction using L-histidine and L-cysteine in the presence of 500U/mL catalase (40  relative to OvoA in this reaction). The assay contained 2 μM of OvoA, 1.2 mM L-cysteine, 1.0mM histidine, 1.0 mM TCEP, 0.2 mM ascorbate and 500U/mL catalase in 50 mM KPi buffer, pH 8.0 with a total volume of 1.0 mL. Sulfoxide 6 was the product. Reaction was then repeated using L-hercynine and L-cysteine as the substrates and sulfoxide 4 was the only oxidative coupling product detected. 
NMR characterizations of cysteine sulfinic acid isolated from the OvoA-reaction using hercynine and cysteine as the substrates ( 1 H-NMR, 13 C-NMR, high-resolution mass spectrometry):
An aerobic reaction assay mixtures in a 20 mL of final total volume contained 20 mM air saturated pH 8.0 KPi buffer, 1.0 mM trimethyl-histidine, 1.5 mM cysteine, 1.0 mM tris(2-carboxyethyl)phosphine (TCEP), 0.2 mM ascorbate, and OvoA protein (final concentration of 13 μM). The mixtures were incubated at 30 °C aerobically for 2 hours. The OvoA protein in the reaction mixture was removed by ultrafiltration. The reaction mixture was directly monitored by 1 H-NMR spectra. The signals at 2.5 -2.7ppm (H3 in Figure 3S ) were from cysteine sulfinic acid. The identity of cysteine sulfinic acid was confirmed by spiking the authentic cysteine sulfinic acid standard obtained from MP Biomedicals, LLC.
The signals labeled as 2 and 3 in the 1 H-NMR spectrum (3S-B) increased. This result provided the initial evidence supporting the production of cysteine sulfinic acid.
To further confirm the production of cysteine sulfinic acid, the oxidative coupling product (compound 4) and cysteine sulfinic acid (8) were purified as described in the general experimental procedure section. Characterization of the purified compound 4 was reported previously. 1
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Purified cysteine sulfinic acid (8) S8 Figure 6S . 13 C-NMR spectrum of partially purified cysteine sulfinic acid from the OvoA reaction mixture (using Lhercynine and L-cysteine as substrates). The additional NMR signals are from TCEP. Since 13 C-NMR spectra was not accurate for quantifying the ratio between compound 4 and cysteine sulfinic acid (8), 1 H-NMR spectra ( Figure 7S ) of the reaction mixture was used to determine the ratio between compound 4 and cysteine sulfinic acid (8) by checking characteristic chemical shifts from the two products: H5 from coupling product 4 and H3 from cysteine sulfinic acid 8 as shown in Figure 7S . Details are described below.
Quantifying the ratio of cysteine sulfinic acid and hercynine-cysteine coupling product in
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Based on NMR characterization of pure cysteine sulfinic acid, chemical shifts for [β-13 C]-cysteine sulfinic acid H3 are: δ 2.42 (dd, J=13.9, 9.7 Hz, J C13-H =137.8Hz, 0.5H), δ 2.53 (dd, J=13.9, 2.8 Hz, J C13-H =137.8Hz, 0.5H), δ 2.70 (dd, J=13.9, 9.8 Hz, J C13-H =137.8Hz, 0.5H), δ 2.81 (dd, J=13.8, 2.7 Hz, J C13-H =137.8Hz, 0.5H).
Ethyl viologen chemical shifts (labeled as 1, 3, and 4 in Figure 7S ) are: δ 1.56 (t, 7.3Hz, 6H), δ 8.40 (d, 5.9Hz, 4H) , and δ 8.99 (d, 6.4Hz, 4H) .
Compound 4 imidazole hydrogen H5 chemical shift is 7.13 ppm.
Ethyl viologen (as shown in Figure 7S ) was used as an internal standard to calibrate the ratio of cysteine sulfinic acid (8) and compound 4 since peaks 3 and 4 correspond to ethyl viologen in low field range, and peak 1 in high field range. Peak 3, peak 4, and peak 1 are all from ethyl viologen and have an integration ratio of 4:4:6. H5 signal from the coupling product 4 was quantified by comparison to peak 3 and peak 4 from ethyl viologen. Similarly, H3 from cysteine sulfinic acid 8 was quantified by comparing with peak 1 from ethyl viologen. Once the ratio between the coupling product 4 and ethyl viologen, and the ratio between cysteine sulfinic acid 8 and ethyl viologen were determined, the ratio between coupling product 4 and cysteine sulfinic acid 8 was calculated by dividing these two ratios. Using this method, the ratio between cysteine sulfinic acid (8) and compound 4 was determined to be ~ 1.3 : 1. S10 Figure 7S . 1 H-NMR spectrum of the OvoA-reaction using hercynine and [β-13 C]-Cys as substrates. A: Whole spectrum.
B: Expanded regions between 6.5 ppm -9.5 ppm and 1.4 -2.9 ppm regions. To quantitatively measure the ratio between compound 4 and cysteine sulfinic acid (8), ethyl viologen was added as an internal standard to improve the accuracy of signal quantification. Ethyl viologen has two signals in the 8 -9.5 ppm region (labeled as 3 and 4, colored in green in the spectrum) and signals at  1.5 ppm region (labeled as 1 and colored in green in the spectrum). The ratio between compound 4 and the ethyl viologen signals was calculated by measuring the ratio between compound 4 H-5 signal (labeled as 5 and colored in blue in the spectrum) and the ethyl viologen aromatic hydrogen signals. The ratio between cysteine sulfinic acid and the ethyl viologen signals was calculated by measuring the ratio between cysteine sulfinic acid β-hydrogen (labeled as 3 and colored in red in the spectrum) and the ethyl viologen ethyl group hydrogen signals (labeled as 1 and colored in green in the spectrum). Based on the integration using ethyl viologen as an internal standard, the ratio of cysteine sulfinic acid (8) and compound 4 was  1.3 : 1. S11 6. Monitoring the time course of the ratio between cysteine sulfinic acid and hercynine-cysteine coupling product from the reaction mixture;
An assay mixture contained 10 μM of OvoA, 3.0 mM L-cysteine, 2.0mM L-hercynine, 1.0 mM TCEP, 0.2 mM ascorbate in 50 mM air-saturated KPi buffer, pH 8.0 with a total volume of 4.0 mL. The mixture was incubated at 30 °C aerobically with stirring. The reaction samples (1mL each) were taken at 3 min, 7 min, 12 min and 18 min and quenched by adding 30µl of 50% TFA. The samples were neutralized by NH 4 HCO 3 and lyophilized. The samples were then re-dissolved in 400μl of D 2 O for 1 H-NMR characterization. To quantitatively measure the ratio between hercynine-cysteine coupling products and cysteine sulfinic acid, ethyl viologen was added as an internal standard to improve the accuracy of signal quantification using the same method as in Figure 7S . The production of hercynine-cysteine coupling products and cysteine sulfinic acid along the time course is shown in Figure 8S . The formation rate of hercynine-cysteine coupling product and cysteine sulfinic acid started to level off due to oxygen diffusion limit.
The ratio between the hercynine-cysteine coupling product and cysteine sulfinic acid at each data point along the time course was shown in Figure inset . The ratio between cysteine sulfinic acid (8) and the hercynine-cysteine coupling product (4) remains the same during the reaction course. (H3 in Figure 9S ) were from cystine.
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To confirm the identity of cystine, it was purified by an ion-exchange chromatography as described in the general experimental procedure section. Purified cystine (9) was dissolved in 400 µL of D 2 O and analyzed using Varian 500
MHz 1 H-, 13 C-NMR, and Mass spectroscopies as shown in Figure 9S -12S. For 13 C-NMR spectra, 40% NaOD in D 2 O was added to the NMR sample to adjust pD to 12, which increased the solubility of the cystine to obtain better quality 13 C-NMR spectrum.
NMR spectroscopic data for 9: (2), 180.79 (1). Please refer the structure in Figure   11S for the numbering system.
The high resolution ESI-MS of partially purified cystine (9): the calculated molecular weight for compound 9 as [C 6 H 10 N 2 O 4 S 2 Na]form was 260.9985, and found to be 261.0055. Figure 9S . 1 H-NMR spectrum of OvoA reaction mixture when L-cysteine was used as the only substrate. The signals labeled as 2 and 3 in the 1 H-NMR spectrum are from cystine. S13 Figure 10S . 1 H-NMR spectrum of purified cystine from the OvoA reaction mixture (using L-cysteine as the only substrate). Figure 11S . 13 C-NMR spectrum of purified cystine from the OvoA reaction mixture (using L-cysteine as the only substrate). Figure 12S . The high resolution ESI-MS of purified cystine (9) (the calculated molecular weight for compound 9 as [C 6 H 10 N 2 O 4 S 2 Na]form was 260.9985, and found at 261.0055). S14 8. Cystine formation OvoA-concentration dependence.
To show that cystine formation is an OvoA-catalyzed process, we have examined OvoA-concentration dependence ( Figure 13S ).
Figure 13S.
Oxygen consumption rate as a function of OvoA concentration.
Cystine formation (k obs of oxygen consumption is 0.1 s -1 ) is significantly slower than the rate of oxidative coupling between histidine and cysteine (k obs of oxygen consumption is 10 s -1 ). To examine whether Fe is present as OvoAbound form or as free form in this reaction, we measured the oxygen consumption rate in the absence of histidine for 4 minutes (cystine formation), then added histidine to initiate the oxidative coupling product formation. An almost instant drop in O 2 concentration after the addition of histidine suggests that a majority of iron is present as the OvoA bound form ( Figure 14S) . These results suggest that cystine formation is an OvoA-catalyzed process. Figure 2 . The ratio between cysteine sulfinic acid (8) and compound 6 was measured using the same method as that described in Figure 9S , which is ~1 : 8.0 in this case. S16 Figure 15S . 1 H-NMR spectrum of the OvoA-reaction using His and [β-13 C]-Cys as substrates. A: Whole spectrum. B:
Expanded regions between 7.5 ppm -9.5 ppm and 1.3 -2.8 ppm. To quantitatively measure the ratio between compound 6 and cysteine sulfinic acid (8), ethyl viologen was added as an internal standard to improve the accuracy of signal analysis. Ethyl viologen has two signals in the 8 -9.5 ppm region and signals at  1.5 ppm region. The ratio between compound 6 and the ethyl viologen signals was calculated by measuring the ratio between compound 6 H-6 signal and the ethyl viologen aromatic hydrogen signals. The ratio between cysteine sulfinic acid and the ethyl viologen signals was calculated by measuring the ratio between cysteine sulfinic acid β-hydrogen and the ethyl viologen ethyl group hydrogen signals. The characteristic signals from both compound 6 and cysteine sulfinic acid were used to calculate the ratio between compound 6 and cysteine sulfinic acid, which is  8 : 1. S17 10. Correlation analysis between the oxygen consumption rate and the oxidative coupling product formation rate in OvoA reaction when cysteine and histidine were used as the substrates:
Reaction conditions
A typical oxygen consumption assay contained 0. A typical oxygen consumption assay contained 0.4 μM of OvoA, 1.0 mM L-cysteine, 1.0mM L-mono-methylated histidine, 1.0 mM TCEP, 0.2 mM ascorbate in 50 mM air-saturated HEPES buffer, pH 8.0 with a total volume of 1.0 mL.
The oxygen consumption was monitored by using the NeoFox oxygen electrode. The reactions were quenched at 90s, 111s, and 157s by adding TFA. The samples were neutralized by NH 4 HCO 3 , lyophilized, re-dissolved into 400μl of D 2 O, and analyzed by 1 H-NMR.
The correlation analysis
The oxygen consumption rate measured by the oxygen electrode was then compared with the coupling product formation rate. The data was fitted using SigmaPlot. Under the testing condition, the oxygen consumption rate was 1.23 μM/s while oxidative coupling product formation rate was 1.02 μM/s. Therefore, for the reaction using mono-methylated histdine, oxidative coupling product formation accounts for 83% of the O 2 consumed. 13. Correlation analysis between the oxygen consumption rate and the oxidative coupling product formation rate in OvoA reaction when cysteine and doubly methylated histidine were used as the substrates.
A typical oxygen consumption assay contained 0.6 μM of OvoA, 1.0 mM L-cysteine, 1.0mM L-di-methylated histidine, 1.0 mM TCEP, 0.2 mM ascorbate in 50 mM air-saturated HEPES buffer, pH 8.0 with a total volume of 1.0 mL. The oxygen consumption was monitored by using the NeoFox oxygen electrode. The reactions were quenched at 130s, 180s, and 250s by adding TFA. The samples were neutralized by NH 4 HCO 3 , lyophilized, and re-dissolved into 400μl of D 2 O analyzed by 1 H-NMR.
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The correlation analysis
The oxygen consumption rate measured from oxygen electrode was compared with oxidative coupling product formation rate determined by 1 H-NMR. The data was fitted using SigmaPlot. Under the assay conditions, the oxygen consumption rate was 0.84 μM/s while the coupling product formation rate was 0.63 μM/s. Therefore, for the reaction using dimethylated histidine and cysteine as substrates, oxidative coupling product formation accounts for 75% of the O 2 consumed. Production and purification of this mutant has been described in the general experimental procedure section. The activity assays of this mutant were summarized here. In short, the E to H mutation led to the loss of OvoA activities.
Time [s]
H-NMR assay
OvoA E176H mutant reaction with L-histidine and L-cysteine
